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Introduction
In order to better interpret water infiltration rate, it may be useful to monitor also the 1 associated changes of soil suction upon infiltration. It is known that the amount and rate of water 2 infiltration in transient state primarily depends on soil hydraulic properties, including soil water 3 retention and hydraulic conductivity (Inoue et al., 2000; Vogel et al., 2000) . Knowing the 4 responses of suction in association with infiltration is therefore important because suction is 5 well-recognized as one of the key stress-state variables (Coleman, 1962) governing the behavior 6 of unsaturated soil including the two hydraulic properties (Ng and Leung, 2012) . However, most 7 infiltration tests conducted in vegetated soil lacked simultaneous monitoring of soil suction.
8
Without determining the associated responses of suction (and hence hydraulic gradient), 9 infiltration rate measured from a test could not be usefully utilized to further estimate hydraulic 10 conductivity through Darcy's law. Although some field studies included measurements of both 11 infiltration rates and responses of suction (Rahardjo et al., 2005; Huat et al., 2006) , they were 12 conducted on natural vegetated soil slopes. This means that the suction recorded can be 13 potentially affected by three-dimensional water flow, from which is not easy to isolate the 14 vegetation effects for accurately interpreting infiltration rates.
15
Results from limited experiments have revealed that the growth of plant roots would have 16 occupied soil pore space and hence modified soil hydraulic conductivity (Gabr et al., 1995;  Page 7 of 44
The average gravel, sand, fine contents (i.e., silt and clay) of CDG were 9.5%, 83.1%, and 7.4%, 1 respectively. Based on the measured particle-size distribution and Atterberg limits, CDG is 2 classified as well-graded sand with silt (SW-SM; ASTM, 2011). Watson (1966) . CDG sampled from the site was re-compacted to the identical in-situ dry density 7 (i.e., 1.8 g/cm 3 ) into a column with diameter of 140 mm and height of 600 mm. The soil column 8 was then subjected to a drying path by exposing it to natural evaporation, during which changes 9 of volumetric water content (VWC) and suction along the column were monitored by four pairs 10 of water content sensors and tensiometers, respectively. The drying test was stopped when 11 suction recorded by any tensiometer reached 80 kPa (i.e., limit of the working range of each 12 tensiometer). Then, ponding with a constant water head of 50 mm was applied on the soil surface 13 to undergo wetting process. Similarly, the associated changes of VWC and suction were 14 recorded. The drying and wetting WRCs were then obtained by relating the measured VWC with 15 the measured suction. More detailed testing procedures were reported by Ng and Leung (2012) . given. It can be seen from the drying curve that the air-entry value was ~ 1 -2 kPa, beyond 19 which VWC dropped substantially. Hydraulic hysteresis is identified. For any given suction,
20
VWC on the wetting curve was about 15% -20% lower than that on the drying curve. On the 21 other hand, the measured drying and wetting k()s are depicted in Fig. 1 1998; Rahardjo et al., 2004) are also found to be fairly close to the measurement made in this 10 study. Other measured index properties are summarized in Table 1 .
11
Characteristics of selected grass and tree species
12
In this study, a grass species (Cynodon dactylon; known as Bermuda grass) and a tree species
13
(Schefflera heptaphylla; known as Ivy tree) were selected for investigation. These species were 14 chosen because of (i) their commonness in the South-East Asia including Hong Kong and India
15
as well as parts of the US at sub-tropical regions (Hau and Corlett, 2003; Frodin et al., 2010); 16 and also (ii) their ability of drought tolerant that may be suitably used for ecological restoration 17 and rehabilitation at warm climates of the world (Carrow et al., 1996; Hau and Corlett, 2003; Hu 18 et al., 2010) . Before testing, sods of Cynodon dactylon were germinated and grown in 120 mm-
19
thick CDG at a nursery one year in advance. Note that the CDG used was identical to soil type 20 tested in this field study and was re-compacted at the same in-situ dry density. Figure 2( roots in all three test series.
4
Each tree individual tested in this study was also grown in CDG in the nursery for a year.
5
Similarly, the CDG used as the growing medium was identical to that tested in the field. Figure   6 2(b) depicts the overview of a typical tree individual (after one year of growing) tested in series 7
Inf1. The shoot system of the typical individual consisted of a main stem having a length of 978 8 mm. It is determined that Leaf Area Index (LAI), which is a dimensionless index defining the 9 ratio of total one-sided green leaf area to projected area of an individual plant on soil surface in 10 plan, of the tree individual was 0.8. A closer view of the roots shows that the root length was 280 11 mm. A tap root with a diameter of 6 mm was identified. There were clusters of root hair with 12 diameters ranging from 1 -2 mm, which were mainly responsible for root-water uptake. that grass and tree were transplanted inside both inner and outer rings. help identifying any vertical influence zone of suction due to the effects of plant upon ponding.
13
Before installation, the ceramic tip of each JFT was fully saturated with de-aired water, while the This aimed to minimize any preferential water flow. It is well-known that air bubbles would 19 accumulate in a JFT due to air diffusion through the ceramic disk. During testing, any observed 20 air bubbles were removed by pressing a jet fill button so that air bubbles can be displaced by
21
water from reservoir stored at the top of the JFT.
22

Test methods and procedures
In order to investigate any effects of both in-situ soil heterogeneity (i.e., spatial variability) and suggested by the Standard) was applied using the Mariotte's bottle (Fig. 3 ). Upon ponding, any 18 changes of (i) water level in the bottle and (ii) suction at all three depths were recorded. The test
19
was run for two hours so as to ensure that the volume of water infiltrated and suction at both 20 depths reached steady state. As a result, infiltration rate (I) at any time interval, dt, during 21 ponding can be determined as follows:
where dV is change of volume of water infiltrated within a given dt; and A is ponded surface area estimated to be 0.1 mm/hr.
5
After testing on bare soil, infiltration test was then carried out on the same location but 6 vegetated with the selected grass species for test Inf1-G. After growing the grasses one year in 7 advance in the nursery, grass sods including the 120 mm-thick bulk soil (i.e., roots remain intact 8 and alive) were transplanted to the entire test plot of 2 m x 2 m. Since the CDG used for 9 germinating grass sods in the nursery was identical to that tested in the field, transplanting these 10 pre-grown grass sods to form grass-covered soil in the field was considered equivalent to nature 11 germination of grass seeds over the test plot in-situ. After transplanting, the technique adopted by responses. Therefore, the grass-covered soil was exposed for natural variation until the initial For the repeated series Inf2 and Inf3, the above test procedures were repeated identically, 21 but they were conducted on two separate locations of the site. In order to achieve similar initial 22 suction for the two series Inf2 and In3 before testing, the same method described above for series Inf1 was adopted. clamped and high-resolution images were taken around 360°, which were then superimposed to 10 generate a three-dimensional (3D) picture of a root system. Through image analysis, each full 11 pixel image of 3D root system was discretized into grids, and area in each grid containing roots 12 for a given depth was then determined to obtain RAI. The measured range, mean and standard deviation of the peak RAI of the ten tree individuals in 5 each test series are summarized in Table 2 . and tree-covered soil during the two hours of ponding from series Inf1. In bare soil, water 10 volume infiltrated is found to increase at a decreasing rate. After ponding for two hours, the 11 amount of water volume infiltrated appears to increase linearly with time, indicating that steady-
12
state condition was reached. Similar trend of variation is observed for both grass-covered and 13 tree-covered soil, and it is found that the volume of water infiltrated in these two types of 14 vegetated soil was similar. Although the initial suction between bare, grass-covered, and tree-15 covered soil were comparable (Table 3) , the volume of water infiltrated in both vegetated soil 16 was less than that in the bare soil by up to 50% at steady state. This indicates that the presence of 17 plant roots has a significant effect in reducing the volume of water infiltration.
18
In order to determine infiltration rate, each measured variation of cummulative water to the in-situ soil heterogeneity (i.e., spatial variability) at the three locations tested at the site.
13
For grass-covered soil, it can be seen that both upper bound (from test Inf3-G) and lower 14 bound (from test Inf1-G) of infiltration rates were lower than those in bare soil. more soil space, and hence blocked more channels for water flow during infiltration.
For tree-covered soil, the infiltration rates are also found to be lower than that in bare soil 1 consistently. The difference could be as small as 5% (compare the upper bound for tree-covered 2 soil and the lower bound for bare soil). Although similar infiltration rate between grass-covered 3 and tree-covered soil is identified in one particular test series Inf1 (Fig. 5) , it is revealed in Fig. 6 4 that the in-situ soil heterogeneity and natural variability of trees could result in higher infiltration 5 rate in tree-covered soil (see upper bound from test Inf3-T) than in grass-covered soil (see upper   6 bound from test Inf3-G), by not more than 10% though. The observed similar infiltration rates 7 between the two different types of vegetated soil may be somewhat unexpected because the grass 8 and tree species have rather distinctive root system (see Fig. 2 ).
9
In order to explain this, some grass sods and soil/root balls of tree individuals were taken 10 for measuring soil void ratio, following the steps typically adopted in plant science literature 11 (Liang et al., 1989) . It is revealed that the void ratio of soil contained the grass roots (i.e., top 0.1 12 m) and the tree roots (i.e., top 0.3 m) is quite similar (i.e., 0.53 -0.62). This is equivalent to RC 13 of 87% -91%, which is less than the in-situ target of 95%. This is most likely because a 14 substantial volume of soil pore/void was occupied by roots during its growth and penetration.
15
The similar void ratio between two types of vegetated soil indicates that the effects of root Nevertheless, it should be noted that the measured responses of the two types of vegetated soil 21 were based on the specific design of the experimental scheme adopted in this study. The measured results only reflect the effects of two specific plant species tested at a certain age and 1 at a given atmospheric condition.
2
Effects of vegetation on soil hydraulic conductivity 3
At steady state after two hours of ponding, it was identified from the PWP measurements (as 4 shown later) that suctions at 0.1 m depth in all bare, grass-covered and tree-covered soil were 5 zero. With the applied ponding head of 0.1 m (i.e., equivalent to 1 kPa) at the soil surface, it can 6 be estimated that a hydraulic gradient between the 0.1 m thick of soil in all three cases was 10.
7 By Darcy's law, the value of field ks in each test can hence be determined using the hydraulic 8 gradient and measured steady-state infiltration rates. Note that since the suction measurements 9 made at 0.1 m depth was within the root zones of the two types of vegetated soil, the values of 10 field ks determined for these two cases would thus reflect any effects of plant roots on the ability 11 of soil to transmit water under saturated conditions. Figure 7 compares the field ks of bare, grass-12 covered, and tree-covered soil for each repeated test series. Due to the in-situ soil heterogeneity,
13
the field ks of bare soil varied from 9.8 x 10 -7 to 15.8 x 10 -7 m/s. However, the average value of 14 field ks (i.e., 12.6 x 10 -7 ) is consistent with the laboratory value (i.e., 12.2 x 10 -7 m/s) determined 15 by soil column tests (refer to Fig. 1(b) ).
16
As compared to bare soil, it can be seen that the values of field ks in grass-covered and 
When compared to bare soil, it is revealed that the measured decreasing rates of suction 17 at 0.3 m depth in the two types of vegetated soil were more moderate during the first 60 min of 18 ponding (Fig. 8) . This indicates that the hydraulic conductivity should have been reduced when 19 plant roots were present to occupy soil pore space, consistent to the trend of hydraulic 20 conductivity discussed in Fig. 7 . Except time zero, suction in both grass-covered and tree-21 covered soil are found to be always higher than that in bare soil. This is mainly because there 22 was less volume of water infiltrated in both types of vegetated soil, as compared to bare soil (Fig. 5 ). Another reason may be attributed to the change of soil water retention ability when roots 1 occupy soil pore space and modify soil pore size and its distribution (Scanlan and Hinz, 2010).
2
Although root-water uptake might induce additional suction, it is minimal because the PET rate suggests the possible reduction of soil hydraulic conductivity due to the presence of plant roots.
10
After ponding for two hours, there were limited decreases of suction (less than 2 kPa) in both 11 vegetated soil. At steady state, suctions in grass-covered and tree-covered soil were at least 50%
12
higher than that in bare soil.
13
Distributions of pore-water pressure profiles for different surface covers
14
To further investigate the effects of the grass and the tree species on PWP distribution, the PWP 15 profiles measured in bare, grass-covered and tree-covered soil in series Inf1 are compared in Fig.   16 9. Before ponding, the initial distributions of PWPs in all three types of soil were close to each PWP of 1 kPa was fixed at the ground surface and it is thus added in the figure to suppliment 21 each PWP profile. After ponding the bare soil for two hours, similar PWP increases of 10 kPa were found at all three depths. This suggests that the depth of influence of suction (i.e., negative 1 PWP) after ponding was deeper than 0.5 m.
2
For the grass-covered and tree-covered soil, the PWP profiles after ponding were close to 3 each other. It can be seen that suction retained at all depths in both vegetated soil were higher 4 than those in bare soil. Higher suction retained in vegetated soil was also observed by Ng et al.
5
(2014), who compared suction distributions in flat silty sand with and without vegetated with 6 grass species Cynodon dactylon (the same species as this study) upon one hour of rainfall in (within root depth) was found in the vegetated soil after subjecting to a one-hour rainfall with 13 intensity of 100 mm/hr. Although both this field study and the laboratory study tested CDG 14 compacted at the same RC of 95%, the soil type for the latter case was much finer (fine content 15 of 39%), and thus has a ks value (1.10 x 10 -9 m/s) one order of magnitude lower than that in the 16 former case (5.15 x 10 -7 m/s for wetting k() shown in Fig. 1(b) ). Moreover, the duration of the 17 laboratory rainfall test (one hour) was one hour less than that of the field ponding test (two in the three repeated test series. After subjecting to two hours of ponding, the suction retained in bare soil was 0 -1 kPa. On the contrary, it is consistent in all three repeated tests that both grass-1 covered and tree-covered soil retained suction of at least 2 kPa higher than bare soil, due to the 2 clogging of soil pore space and hence blockage of water flow by plant roots. For grass-covered 3 soil, it can be seen that the amount of suction drop was the least in test Inf1-G, but it was the 4 largest in test Inf3-G. This is because tests Inf1-G and Inf3-G showed the lowest and highest 5 infiltration rates, respectively (Fig. 6 ). For tree-covered soil, the measured suction drop in test Inf3-T was the greatest (Fig. 10(a) ) again because the infiltration rate was the highest between 7 the three repeated tests (Fig. 6) . Interestingly, in series Inf2, the final suction retained in tree-8 covered soil (6 kPa) was remarkably high, even though this particular test did not result in the 9 lowest infiltration rate (Fig. 6 ). As listed in Table 2 , the tree individuals investigated in test Inf2-
10
T have the highest RAI (as compared to those in tests Inf1-T and Inf3-T), which is likely to have 11 modified soil pore-size distribution and soil water retention ability more significantly.
12
Comparisons of suction measured at the deeper depth 0.5 m between bare and vegetated 13 soil are shown in Fig. 10(b) . Unlike series Inf1, suction recorded in both vegetated soil in series retained in grass-covered soil was generally close to that in tree-covered one. average values of hydraulic conductivity of the grass-covered and the tree-covered soil are 6.1 x 17 10 -7 , and 6.6 x 10 -7 m/s, respectively, which are about two times lower than that in bare soil (12.6 18 x 10 -7 m/s). This is likely to be attributed to the clogging of soil pore when plant roots are 19 presence in the soil.
20
Due to the lower infiltration rates and hydraulic conductivity in the two types of 21 vegetated soil, the measured amounts of suction drop were always less than those in bare soil.
22
While some delayed suction drops of up to 30 mins (since ponding commenced) were identified List of captions Table   Table 1 . A summary of measured index properties of completely decomposed granite (CDG) sampled at 0.1, 0.2, 0.3 and 0.4 m depths Table 2 . A summary of measured characteristics of grass and tree tested in the three series Inf1, Inf2 and Inf3 Table 3 . A summary of initial suctions in each series before infiltration tests Figure   Fig . 1 Measured drying and wetting branches of (a) water retention curves (WRCs) and (ii) hydraulic conductivity function of CDG re-compacted to an in-situ dry density identical to the field condition (a)
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